A Macroeconomic Model with Financially
Constrained Producers and Intermediaries *

Vadim Elenev Tim Landvoigt Stijn Van Nieuwerburgh
NYU Stern UT Austin NYU Stern, NBER, and CEPR

February 15, 2016

Abstract

We solve a general equilibrium model with three types of agents and a government.
Borrower-entrepreneurs produce output financed with long-term debt issued by financial
intermediaries, subject to a leverage constraint. Intermediaries fund these loans combining
deposits and their own equity, and are subject to a regulatory capital constraint. Savers
provide funding to banks and to the government. Both entrepreneurs and banks make
optimal default decisions. The government issues debt to finance budget deficits and to pay
for bank rescue operations. We solve for macroeconomic quantities, the price of capital,
the yield on safe bonds, and the credit spread. We study how financial and non-financial
recessions differ, show that high credit spread forecasts future declines in economic activity,
and study macro-prudential policies. Policies that limit corporate leverage and financial
leverage reduce welfare. Their benefits for financial and macro-economic stability are
outweighed by the costs from a smaller-sized economy. The two types of macroprudential
policies have different implications for the wealth distribution.
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1 Introduction

The financial crisis and Great Recession of 2007-09 underscored the importance of the finan-
cial system for the broader economy. Borrower default rates, bank insolvencies, government
bailouts, and credit spreads all spiked while real interest rates were very low. The disruptions
in financial intermediation fed back on the real economy. Consumption, investment, and output

all fell substantially and persistently.

These events have caused economists to revisit the role of the financial sector in models of
the macro economy. Building on early work that emphasized the importance of endogenous
developments in credit markets in amplifying business cycle shocks,! a second generation of
models has added nonlinear dynamics and a richer financial sector.? While a lot of progress has
been made in understanding how financial intermediaries affect asset prices and macroeconomic
performance, an important remaining challenge is to deliver a quantitatively successful model
that can capture the dynamics of financial intermediary capital, asset prices, and the real
economy observed during credit crises. Such a model requires a government, so that possible
crisis responses can be studied, and explicit and implicit government guarantees to the financial
sector can be incorporated. Indeed, Central Banks are in search of a model of the financial
sector that can be integrated into their existing quantitative macro models. Our paper aims
to make progress on this important agenda. It provides a calibrated model that matches key
features of the U.S. macroeconomy and asset prices. In addition, we make three methodological

contributions.

First, we separate out the role of producers and banks. The existing literature, as exemplified
by the seminal Brunnermeier and Sannikov (2014) paper, usually combines the roles of financial
intermediaries and producers (“experts”). This setup assumes frictionless interaction between
banks and borrowers and focuses on the interaction between experts and saving households. It
assumes that financial intermediaries hold equity claims in productive firms. In reality, banks

make corporate loans and hold corporate bonds which are debt claims.> These debt contracts

'E.g., Bernanke and Gertler (1989), Bernanke, Gertler, and Gilchrist (1996), Bernanke, Gertler, and Gilchrist
(1999), Kiyotaki and Moore (1997), and Gertler and Karadi (2011).

2E.g., Brunnermeier and Sannikov (2014), He and Krishnamurthy (2012), He and Krishnamurthy (2013),
Garleanu and Pedersen (2011), Adrian and Boyarchenko (2012), Maggiori (2013), Moreira and Savov (2016).

3Tt is well understood that debt-like contracts arise in order to reduce the cost of gathering information and
to mitigate principal-agent problems. See for example Dang, Gorton, and Holmstrom (2015).



are subject to default risk of the borrowers. Our model has three groups of agents, each
with their own balance sheet: depositors who lend to intermediaries, entrepreneurs who own
the production technology and borrow from intermediaries, and intermediaries who own the
banks. Banks perform the traditional role of liquidity transformation and bear the credit risk
in the economy. They help to optimally allocate risk across the various agents in the economy.
Motivated by standard agency frictions, entrepreneurs/firms’ borrowing capacity is limited by
the equilibrium value of their capital stock. The maximum loan-to-value at loan origination is
a first key macroprudential policy parameter. In order to discipline banks, we model a Basel
I1/II-style regulatory capital requirement that limits banks’ liabilities at a fraction of their
risk-weighted assets. The minimum regulatory capital that banks must hold is a second key

macroprudential policy parameter.

Our second contribution is to introduce the possibility of default for financial intermediaries.
The existing literature is usually cast in continuous time. As the financial sector approaches
insolvency, intermediaries reduce risk and prices adjust so that they never go bankrupt. In
discrete time, the language of quantitative macroeconomics, the possibility of default of in-
termediaries cannot be avoided. Far from a technical detail, bank insolvency is an important
reality that keeps policy makers up at night. As Reinhart and Rogoff (2009) and Jorda, Schu-
larick, and Taylor (2014a) make clear, banks frequently become insolvent. When they do, the
banks’ creditors (mostly the depositors) are bailed out by the government. In our model we
assume that banks have limited liability and choose to default optimally. When the market
value of their assets falls below that of liabilities, the government steps in, liquidates the assets
and makes whole the depositors. The banking sector starts afresh the next period with zero
wealth. The expectation of a bailout affects banks’ risk taking incentives (e.g., Farhi and Tirole
(2012)). By allowing for the possibility of bank insolvencies, our model can help explain how a
corporate default wave can trigger financial fragility. Vice versa, weak financial balance sheets

reduce firms’ ability to borrow, invest, and grow.

The third methodological contribution is to endogenize the risk-free interest rate on safe
debt. Most models in the intermediary-based macro and asset pricing literature keep the
interest rate on safe assets (deposits or government debt) constant, sometimes by virtue of an

assumption of risk neutrality of the savers. Once savers are risk averse, a natural assumption



given that they invest in guaranteed deposits, the dynamics of the model change dramatically.
In a crisis, intermediaries contract the size of their balance sheet, thereby reducing the supply
of safe debt in the economy. Simultaneously, risk averse depositors with strong precautionary
savings motives increase savings, thereby increasing the demand for safe assets. As a result,
the equilibrium quantity of safe debt changes little but the price increases substantially. Real
interest rates may turn negative. The low cost of debt allows the intermediaries to recapitalize
quickly, dampening the initial crisis. The endogenous price response of safe debt short-circuits
the amplification mechanism usually arising in a balance sheet recession in these models. One
might argue that there are other investors in the market for safe assets whose demand for safe
assets may not rise as much because they are less risk averse (maybe institutional investors), but
their demand for safe debt would have to be negatively correlated with that of the risk averse
savers. Foreigners’ demand for U.S. safe debt also increased dramatically in the global financial
crisis, further amplifying domestic demand by savers rather than offsetting it. We argue that
the solution lies in carefully modeling the government side of the model. With countercyclical
transfer spending and procyclical tax revenues, the government deficit is highly countercyclical.
This expands the supply of safe debt in bad times, offsetting or even reversing the contraction
in the supply of private safe debt, at the same time that the demand expands. While rates may
still fall in crises, the decline is not as large as it would be without the government sector, largely
restoring the amplification of the balance sheet recession models. Importantly, because the risk
averse saver must absorb more debt in bad times, she must reduce spending in high marginal
utility states. The ex-ante precautionary savings effect this triggers reduces the unconditional
mean interest rate in the economy. While they may still be desirable for aggregate welfare, a
new insight is that automatic stabilizers in fiscal policy slow down the recapitalization of banks
in a crisis.

What results is a rich and quantitatively relevant framework of the interaction between four
balance sheets: those of borrower-entrepreneurs, financial intermediaries, households, and the
government. Our model features occasionally binding borrowing constraints for both borrower-
entrepreneurs and for intermediaries, and allows for bankruptcy of both borrowers and in-
termediaries. The model generates amplification whereby aggregate shocks, for example to

productivity, not only directly affect production and investment, but also affect the financial



and non-financial sectors’ leverage. Tighter financial constraints on banks reduce the avail-
ability of credit to firms which hurts investment and output, beyond the effects familiar from

standard accelerator models.

Our model quantitatively matches the maturity, default risk, and loss-given default of cor-
porate debt. It generates a large credit spread. We use the model to study the differences
between regular non-financial recessions and financial recessions, which are recessions that co-
incide with credit crisis. We also show that credit spreads predict future economic activity,
as has been emphasized in the recent literature.* Our second main exercise is to investigate
the quantitative effects of macro-prudential policies for financial stability, economic growth,
economic stability, fiscal stability, and economy-wide welfare. We compare and contrast bank
capital regulation and loan-to-value limits on borrowers. Our model belongs to the class of
models where incomplete markets and borrowing constraints create room for macro-prudential

policy intervention.®

Our paper provides a state-of-the-art solution technique. The model has two exogenous
and persistent sources of aggregate risk. Standard TFP shocks hit the productions function.
In addition, shocks to the cross-sectional dispersion of capital depreciation govern credit risk.
The model also has five endogenous aggregate state variables: the capital stock, corporate
debt stock, intermediary net worth, household wealth, and the government debt stock. To
solve this complex problem, we provide a nonlinear global solution method, called policy time
iteration, which is a variant of the parameterized expectations approach. Policy functions,
prices, and Lagrange multipliers are approximated as piecewise linear functions of the exogenous
and endogenous state variables. The algorithm solves for a set of nonlinear equations including
the Euler equations and the Kuhn-Tucker conditions expressed as equalities.® Our method
improves on existing methods which compute two non-stochastic steady states: one steady

state when the constraint never binds and one where it always binds, and then linearizes the

4See for example, Friedman and Kuttner (1993), Gilchrist and Zakrajsek (2012), Greenwood and Hanson
(2013), Jorda, Schularick, and Taylor (2014b), Lopez-Salido, Stein, and Zakrajsek (2015), Krishnamurthy and
Muir (2016), and Mian, Sufi, and Verner (2016).

>Other models in this class are Lorenzoni (2008), Mendoza (2010), Korinek (2012), Bianchi and Mendoza
(2013), Bianchi and Mendoza (2015), and Guerrieri and Lorenzoni (2015). Farhi and Werning (2014) study
macroprudential policy in a model with demand externalities.

50ne output of this research project will be a set of computer code which will be made publicly available.
Discussions with the research department at three different Central Banks indicate that there is a demand for
this type of output.



solution around both of these states (Guerrieri and Iacoviello (2015)). Agents in the model do
not take into account the fact that borrowing constraints may become binding in the future due
to future shock realizations. As a result, the approach ignores agents’ precautionary savings
motives related to future switches between “regimes” with and without binding constraints.
While the piecewise-linear solution may prove sufficiently accurate in some contexts, it remains
an open question whether it offers an appropriate solution to models with substantial risk and
higher risk aversion, designed to match not only macroeconomic quantities but also asset prices
(risk premia).

The rest of the paper is organized as follows. Section 2 discusses the model setup. Section 3
presents the calibration. Section 4 contains the main results. Section 5 uses the model to study
various macro-prudential policies. Section 6 concludes. All model derivations and some details

on the calibration are relegated to the appendix.

2 The Model

2.1 Preferences, Technology, Timing

Preferences The model features a government and three groups of households: borrower-
entreprenuers (denoted by superscript B), and two types of savers, differentiated by their risk
aversion coefficients. We refer to the less risk averse savers as “intermediaries” (denoted by su-
perscript I) and the more risk averse simply as “savers” (denoted by S). Borrower-entrepreneurs
are less patient than savers, implying for the discount factors that g < f; < Bs. For the co-
efficient of relative risk aversion we assume that o; < o < gg. All agents have Epstein-Zin
preferences over consumption streams {C7}9°, with intertemporal elasticity of substitution v.

+ 85 (B [(U1)]) =

171/1/ ] 11/”}111/11 (1)

Ui = {(1 - 5) (&)

for y=B,1,S.



Technology Borrower-entrepreneurs own the productive capital stock of the economy and

operate its production technology of the form
Y, = (K)""(Z, L)%, (2)

where K, is capital, L; is labor, and Z; is labor productivity. We assume that productivity

grows at a stochastic rate g; which follows an AR(1) process.

In addition to the technology for producing consumption goods, borrower-entrepreneurs also

have access to a technology that can turn consumption into capital goods.

Borrower-entrepreneurs, intermediaries, and savers are endowed with L?, L’ and L° units
of labor, respectively. We assume that all types of households supply their complete labor

endowment inelastically.

There are two more assets in the economy. One risky long-term bond that borrower-
entrepreneurs can issue to intermediaries, and one short-term risk free bond that intermediaries

can issue to savers.

Timing The timing of agents’ decisions at the beginning of period ¢ is as follows:

1. Aggregate TFP and stochastic depreciation shocks for borrower-entrepreneurs are real-

ized. Production occurs.

2. Intermediaries decide on a bankruptcy policy. In case of a bankruptcy, their financial
wealth is set to zero and they incur a utility penalty. At the time of the decision, the

" Savers know its probability distribution and

magnitude of the penalty is unknown.
maximize expected utility by specifying a binding decision rule for each possible realization

of the penalty.®

3. Borrower households decide what fraction of debt to default on.

"Introducing a random utility penalty is a technical assumption we make for tractability. It makes the value
function differentiable and allows us to use our numerical methods which rely on this differentiability. This
randomization assumption is common in labor market models (Hansen (1985)).

8The assumption of making a binding default decision is necessitated in the presence of Epstein-Zin prefer-
ences.



4. Intermediaries’ utility penalty shock is realized and they follow their bankruptcy deci-
sion rule from step 2. In case of bankruptcy, the government picks up the shortfall in

repayments to debt holders (depositors).

5. All agents solve their consumption and portfolio choice problems. Markets clear. All

agents consume.

Each agent’s problem depends on the wealth of others; the entire wealth distribution is a state
variable. Each agent must forecast how that state variable evolves, including the bankruptcy
decisions of borrowers and intermediaries. We now describe each of the three types of household

problems and the government problem in detail.

2.2 Borrower-Entrepreneurs’ Problem

There is a representative family of borrower-entrepreneurs, consisting of a measure one of
members. Each member owns the same quantity of capital kP s.t. fol kBdi = KP, and the
same quantity of outstanding bonds a? s.t. fol aPdi = AB. The bond is a long-term contract,

modeled as a perpetuity. Bond coupon payments decline geometrically, {1, 4,46, ...}, where §

0

15, a fixed fraction 6 of

captures the duration of the bond. We introduce a “face value” F =

all repayments for each bond issued. Per definition, interest payments are the remainder %.

At the time of production, borrower-entrepreneurs hire their own labor and the labor of
intermediaries and savers, denoted by L{, with 7 = B, 1,S. As payment each group receives a
competitive wage w{ per unit of labor. During production, the labor inputs of the three types

are combined into aggregate labor:
Ly = (L)' (L) (L)

Capital used for production are all capital units jointly held by borrower-entrepreneurs at the
beginning of the period, such that output is ¥; = (K?)1=%)(Z,L,).

During the production process, the capital units owned by individual borrower-entrepreneurs
experience depreciation shocks. Each borrower-member draws an idiosyncratic depreciation

shock w;; ~ F,(-) which proportionally lowers the amount of capital by (1 — w;¢)kZ. The



capital left after stochastic depreciation is w;k”. We denote the cross-sectional mean and
standard deviation by p, = E;[w;¢| and o,, = (Var; [wi,t])o'f’, where the latter varies over time.

The mean implies an average depreciation rate of capital of dx =1 — .

The family of borrower-entrepreneurs jointly decides which members should default on their
outstanding debt. The capital units owned by the members who default are turned over
to (seized by) the lender. Let the function t(w) : [0,00) — {0,1} indicate the borrower-
entrepreneurs’ decision to default on a capital unit of quality w. We conjecture and later verify
that the optimal default decision is characterized by a threshold level wy, such that borrower-
entrepreneurs default on all capital units with w;; < w; and repay the debt for all other capital.
Using the threshold level w;, we define Z4(w;) to be the fraction of debt repaid to lenders and
Zr(w)p:KP to be the value of the capital stock to the borrowers after default decisions have

been made, where:

Zaw?) = / (1 w)) fulw)dew = Prlis > ], 3)

Zr(wy) = /Ooo(l —t(w))w fu(w)dw = Prlw;; > w/] Elw; s |wis > w;] (4)

After making a coupon payment of 1 per unit of remaining outstanding debt, the amount of

outstanding debt declines to 674 (w}) AP.

In addition to producing consumption goods, borrower-entrepreneurs jointly produce capital
goods from consumption goods. In order to create X; new capital units, the required input of

consumption goods is

Xi+U(Xy/KP)KS, (5)
with U”7() > 0, U(e? — p,) =0, and V(e — p,) = 0.
The profit of the borrower-entrepreneur’s business is subject to a tax with rate 7%. The profit

for tax purposes is defined as sales revenue net of labor expenses, and capital depreciation and

interest payments of surviving entrepreneurs

0P =Yi— S wili - 6xZa(wipekP — (1 - 0)Za(w}) AP,
j=B,1,S



The fact that interest expenditure (1 — 6)Z4(w;)AP is deducted from taxable profit creates a

“tax shield” and hence a preference for debt funding.

The borrower-entrepreneur family’s problem is to choose consumption CZ, capital for next
period KZ |, default threshold w;, new debt A2 |, investment X, and labor inputs L] to maxi-

mize life-time utility UP in (1), subject to the budget constraint:

CP+X, + U(Xy/KP)KP + Za(wi)AP(L+0q)") + piK [ + > wil + rf1p
j=B,I1,S

<Y+ (1= 72 wPL? + pu( X, + Zi (W) KE) + ¢ AP + GPP, (6)

and a leverage constraint:

FAY < opiZic(w)) K. (7)

Outstanding debt at the end of the period A2, is the sum of the remaining debt after default
and new borrowing. The borrower household uses after-tax labor income, net transfer income
from the government (G} ?), sales of old (K) and newly produced (X;) capital units, and new
debt raised, to pay for consumption, debt service, new capital purchases, investment including
adjustment costs, and wage payments. New debt raised is q,@"AtBJrl, where g;" is the price of one

bond in terms of the consumption good.

The borrowing constraint in (7) caps the face value of debt at the end of the period, F’ AEH,
to a fraction of the market value of the available capital units after depreciation and default,
piZi(wi)KP, where ¢ is the maximum leverage ratio. With such a constraint, declines in

capital prices (in bad times) tighten borrowing constraints.

2.3 Savers

Savers can invest in one-period risk free bonds (deposits and government debt). They inelasti-
cally supply their unit of labor L°. Entering with wealth W;°, the saver’s problem is to choose
consumption C and short-term bonds Bf to maximize life-time utility U in (1), subject to

the budget constraint:

CS+¢/BY < (1— 15 )wils + Gy ° + WP (8)



and a short-sale constraints on bond holdings:
B >0,. (9)

The budget constraint (8) shows that saver uses after-tax labor income, net transfer income,

and beginning-of-period wealth to pay for consumption, and purchases of short-term bonds

2.4 Intermediaries

After TFP and depreciation shocks have been realized, financial intermediaries choose whether
or not to declare bankruptcy. Intermediaries who declare bankruptcy have all their assets and
liabilities liquidated. They also incur a stochastic utility penalty p;, with p, ~ F),, i.i.d. over
time and independent of all other shocks. At the time of the bankruptcy decision, intermediaries
do not yet know the realization of the bankruptcy penalty. Rather, they have to commit to a
bankruptcy decision rule D(p) : R — {0, 1}, that specifies the optimal decision for every possible
realization of p;. Intermediaries choose D(p) to maximize expected utility at the beginning of
the period. We conjecture and later verify that the optimal default decision is characterized
by a threshold level p;, such that intermediaries default for all realizations for which the utility

cost exceeds the threshold.

After the realization of the penalty, intermediaries execute their bankruptcy choice according
to the decision rule. They then face a consumption and portfolio choice problem to be described
below. First, while intertemporal preferences are still specified by equation (1), intraperiod

utility ui depends on the bankruptcy decision and penalty:

_ Cl
—exp (D(p)pr)’

Uy

Intermediaries’ portfolio choice consists of loans to borrower-entrepreneurs (A!) and short-term
bonds (B}). Loans are modeled as bonds aggregating the debt of the borrowers. The coupon
payment on performing loans in the current period is A!Z4(w}). For borrower-entrepreneurs
that enter into foreclosure, the intermediaries repossess their capital units as collateral. These

capital units are worth (1 — ) (u, — Zx(w})) psKP, where ¢ is the fraction of capital value

10



destroyed in bankruptcy, a deadweight loss. Thus, the total payoff per bond is:

(1= ) (po — Zx (wp))pe KP
A7 '

Mt = ZA(W:) +

The price of the bond is ¢/". In addition, intermediaries can trade in short-term bonds with
savers and the government. They are allowed to take a short position in these bonds, using

their loans to borrower-entrepreneurs as collateral. They are subject to a leverage constraint:
—q/ B} < q["¢A},. (10)

A negative position in the short-term bond is akin to intermediaries issuing deposits. The
negative position in the short-term bond must be collateralized by the market value of the risk
taker’s holdings of long-term loan bonds. The parameter £ determines how useful loans are as

collateral.

Denote the wealth of an intermediary that did not go into bankruptcy by:
Wi = (M +0Za(w))ai") A} + B4 (11)

Intermediaries are subject to corporate profit taxes at rate 7i;. Their profit for tax purposes

is defined as the net interest income on their loan business’

I} = (1= 0)Za(w)) Al +1{ BL,.

Intermediaries’ also receive income for inelastically supplying their labor to borrower-entrepreneurs'®.
They further need to pay a deposit insurance fee to the government that is proportional to the

amount of short-term bonds they issue. Their budget constraint is
(1= D(p) )WL+ (1 — mHhw! LT + GPF > O + ¢ AL, + (¢f + Lipreoys) Bl +mlly.  (12)

Note that intermediaries only receive wealth W/ if they do not declare bankruptcy at the

9We define the risk free interest rate as the yield on risk free bonds, r{ =1 /qf -1
10Stand-in for managerial labor or similar.
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beginning of the period; in case of bankruptcy their wealth is zero.

2.5 Government

The actions of the government are determined via fiscal rules: taxation, spending, bailout, and
debt issuance policies. Government tax revenues, T;, are labor income tax receipts plus deposit

insurance fee receipts and corporate profit tax receipts:
_ jodiri BB Il I
T = § mywy Ly + 1 1L + Il — I{B{<0}»KBt
j=B.,I,S

Government expenditures, GG; are the sum of financial sector bailouts, other exogenous govern-

ment spending, G2, and transfer spending G7:
Gy = G5+ GF = D(p)W}

The bailout to the financial sector equals the negative of the financial wealth of intermediaries,

WI in the event of a bankruptcy.

The government issues one-period risk-free debt. Debt repayments and government expen-

ditures are financed by new debt issuance and tax revenues, resulting in the budget constraint:
By + G <ol BY + T, (13)
We impose a transversality condition on government debt:

lim E, [Mmegu} ~0

U— 00

where M5 is the SDF of the saver.!!

Because of its unique ability to tax and repay its debt, the government can spread out the

cost of default waves and financial sector rescue operations over time.

1We show below that the risk averse saver is the marginal agent for short-term risk-free > debt. In the numerical
work below, we keep the ratio of government debt to GDP contained between b and b¢ by decreasing taxes
linearly when the debt-to-GDP threatens to fall below b% and raising taxes linearly when debt-to-GDP threatens
to exceed bC.

12



Government policy parameters are ©; = (77, 7y, k, G9, ¢,£). The parameters ¢ in equation
(7) and ¢ in equation (10) can be thought of as macro-prudential policy tools. One could add
the parameters that govern the utility cost of bankruptcy of intermediaries to the set of policy
levers, since the government may have some ability to control the fortunes of the financial sector

in the event of a bankruptcy.

2.6 Equilibrium

Given a sequence of income shocks {Y;}, depreciation shocks {wy;}icp, and utility costs of
default shocks p;, and given a government policy ©,, a competitive equilibrium is an allocation
{Cf,Kﬁl,Xt,AﬁLl,Lg} for borrower-entrepreneurs, {C;, Bf} for savers, {C{, Al ,, B/} for
intermediaries, default policies ¢(wy) and D(p,), and a price vector {p;, ¢, ¢! }, such that given
the prices, borrower-entrepreneurs, savers, and intermediaries maximize life-time utility subject

to their constraints, the government satisfies its budget constraint, and markets clear.

The market clearing conditions are:

1. Risk-free bonds: BE = BY + B}

2. Loans: AP, = Al
3. Capital: K2, = pn,KP + X;

4. Labor: Li = L/ for all j = B, I, S
5. Consumption: YV; = CE +Cl + C5 + G+ X, + KPU (X, /KP) + C(p — Zx(w}))p KB
The last equation states that total output equal the sum of consumption expenditures, (waste-

ful) spending by the government, consumption goods used for capital-goods production, and

intermediary expenditure incurred when liquidating capital goods of bankrupt firms'2.

12This assumption implies that intermediaries need to spend a fraction ¢ of the fair value of the capital to
execute the distressed sale

13



2.7 Welfare

In order to compare economies that differ in the policy parameter vector ©;, we must take a
stance on how to weigh the different agents. We propose a utilitarian social welfare function

summing value functions of the agents according to their population weights ¢:
W,(0,) = (PV,E + PVP + 'V

where the V7(-) functions are the value functions defined in the appendix.

3 Calibration

The model is calibrated at annual frequency. The parameters of the model and their targets

are summarized in Table 1.

Aggregate Productivity We assume that aggregate productivity grows with a stochastic
rate g; that follows an AR(1) process:

Zy1 =exp(giy1) 2 (14)

gt+1 :(1 - Pg)g + PgGt + €141 €141 i1d N(O> Ug) (15)

Given the persistence of income growth, g; becomes a state variable. We discretize the g, process
into a 5-state Markov chain using the method of Rouwenhorst (1995). The procedure matches
the mean, volatility, and persistence of GDP growth, which is endogenous, by choosing both
the productivity grid points and the transition probabilities between them. Consistent with our
model, our concept of GDP excludes net exports, housing investment, changes in inventories,
and government investment. We define the GDP deflator correspondingly. The observed real
per capita GDP growth between 1953 and 2014 has a mean of 2.00%, a volatility of 1.94% and

a persistence of 0.34.

14



Table 1: Calibration

This table reports parameter values.

Par Description ‘ Value ‘ Target
Exogenous Shocks

g mean TFP growth 2.0% | Mean rpc GDP gr 53-14 of 2.00%

og vol. TFP growth 2.8% | Vol rpc GDP gr 53-14 of 1.95%

Pg persistence TFP growth 0.34 | AC(1) rpc GDP gr 53-14

Lo mean idio. depr. shock 7.5% | Capital depreciation BEA 53-14

Ow vol. idio. depr. shock {0.20,0.45} | Corporate default rates

PTr, Py | transition prob 0.2,0.99 | Frequency and duration of credit crises
Production, Population, Labor Income Shares

0 pop. shares i € {S, B, I} {69,28.3,2.7}% | Population shares SCF 95-13, QCEW 01-15
y inc. shares ¢ € {S,B, I} {55,42.4,2.6}% | Labor inc. shares SCF 95-13, QCEW 01-15
e labor share in production 0.66 | Standard value (Kydland-Prescott)

P marginal adjustment cost 1 | Vol. investment-to-GDP ratio 53-14 of 1.23%

Corporate loans

1) average life loan pool 0.937 | Duration Fen. (Appendix B)

0 principal fraction 0.582 | Duration Fen. (Appendix B)

10) maximum LTV ratio 0.50 | FoF nonfinancial sectors 85-14

¢ DWL of bankruptcy {0.2,0.5} | Corporate loan and bond severities 81-15

Preferences
% =B | time discount factor S, I 0.985 | Mean risk-free rate 85-14

BB time discount factor B 0.86 | Mean investment-to-GDP ratio 53-14 of 13.3%
o® risk aversion S 20 | Vol. risk-free rate 85-14

oB risk aversion B 2 | Vol. of log corp. debt/GDP 85-14 of 4.4%

o! risk aversion I 1 | Financial leverage 85-14 of 95.6%

v intertemp. elasticity of subst. 1

Government Policy

T personal income tax rate 26.21% | BEA govt pers tax rev to GDP 53-14 of 17.30%
T corporate income tax rate 16.24% | BEA govt corp. tax rev to GDP 53-14 of 3.41%
G° exogenous govt spending 17.58% | BEA govt. discr. spending to GDP 53-14
GT govt transfers to agents 3.19% | BEA govt. net transfers to GDP 53-14

K deposit insurance fee 0 | Deposit insurance fee

£ margin 0.95 | Basel II reg. capital charge (C&I loans)

op bank bankruptcy 5% | Technical assumption

15




Depreciation In each period, firms face idiosyncratic stochastic capital depreciation shocks
wi ¢, which are drawn from a Gamma distribution characterized by shape and a scale parameters
(Xt.0, Xt.1)- Fu(*; Xt.05 X£.1) 1s the corresponding CDF. We choose {x: 0, xt1} to keep the mean
constant at 0.925, implying annual depreciation of capital of 7.5%. This is the observed depreci-
ation rate in the 1953-2014 BEA fixed asset data, calculated as the average ratio of depreciation
of total private nonresidential fixed assets to the net stock of total private nonresidential fixed

assets, both measured at current cost.

Credit crises We let the cross-sectional standard deviation oy, follow a 2-state Markov chain.
Fluctuations in oy, govern aggregate corporate credit risk and represent the second source of
exogenous aggregate risk. We refer to states with the high value for o, as credit crises. We
set the two values (0, 0L,) = (0.25,0.40). We also allow the deadweight losses of default
to vary across the two aggregate credit risk states (Cy,(z) = (0.2,0.5). Together, these four
parameters are important drivers of the default rate and the severity rate (loss given default
rate) in normal times and in credit crises. Our baseline model generates an average default
rate of 4.0%, an average severity of 40%, and thus an average loss rate of 1.9%. We look at
two sources of data: corporate loans and corporate bonds. From the Flow of Funds, we obtain
delinquency and charge-off rates on Commercial and Industrial loans and Commercial Real
Estate loans by U.S. Commercial Banks for the period 1991-2015. The average delinquency
rate is 3.1% and the average loss rate is 0.7%. Default rates and severity rates are much higher
in the recessions of 1991, 2001, and 2007-09. The second source of data is Standard & Poors’
default rates on publicly-rated corporate bonds for 1981-2014. The average default rate is 1.5%;
0.1% on investment-grade bonds and 4.1% on high-yield bonds. The average severity rate on
S&P and Moody’s rated defaults between 1985 and 2004 is 44%. Our average default rate is
between that on all commercial bank loans and that on high yield corporate bonds. We match

observed severity rates.

To pin down the transition probabilities of the 2-state Markov chain for oy, we assume that
when the aggregate income growth rate in the current period is high (¢ is in one of the top
three income states), there is a zero chance of transitioning from the o, to the g, state and

a 100% chance of transitioning from the oy, to the oy, state. Conditional on low growth (g is
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in one of the bottom two income states) we calibrate the two transition probability parameters
(rows have to sum to 1), py; and p%,, to match the frequency and length of credit crises.
Based on the historical frequency of financial crises in Reinhart and Rogoff (2009), we target a
10% probability of a credit crisis. Conditional on a crisis, we set the expected length to 2 years,
based on evidence in Reinhart and Rogoff. Thus, the model implies that not all recessions are

credit crises, but all credit crises are recessions.

Production We set the marginal adjustment cost parameter » = 1 in order to match the
observed volatility of the ratio of investment to GDP of 1.23%. We set the parameter o which
governs the overall labor income share in the Cobb-Douglas production function equal to its

standard value of 0.66.

Population and wealth shares To pin down the population shares of our three different
types of households we turn to the Survey of Consumer Finance (SCF).!> We define savers
as those households who have a low share of their (non-housing) wealth in risky assets. In
particular, we compute for each household in the survey the share of assets, net of all real estate,
held in stocks or private business equity, considering both direct and indirect holdings of stock.
Using this definition of the risky asset share, we then calculate the fraction of households whose
share is less than one percent. This amounts to 69% of SCF households. The remaining 31% of
households have a large risky asset share. We split them into 28.3% borrowers-entrepreneurs and
2.7% financial intermediaries based on the share of employees that work in the financial sector,
defined as “Securities, Investments” and “Credit Intermediation” from the Quarterly Census of
Employment and Wages, averaged over the longest available sample 2001-2015. From the same
QCEW data, we obtain the wage share for the intermediaries of 2.6%. The labor income share
of savers in the SCF is 55%. The income share of the borrower-entrepreneurs must then be the
remaining 42.4%. The population shares are used for the welfare calculations while the income
shares determine the Cobb-Douglas parameters v;, v, and ~s. By virtue of the calibration,

the model matches basic aspects of the observed income distribution.

The intermediaries’ profits are endogenous and we can compare the total income of the

financial intermediaries relative to GDP to the data. Philippon (2015) reports that finance

13We use all survey waves from 1995 until 2013 and average across them.

17



produces 5.4% of value-added over the 1953-2009 period.

Corporate Loans In our model, a corporate loan is a geometric bond. The issuer of one
bond (firm) at time ¢ promises to pay the holder (intermediary) 1 at time ¢+ 1, § at time ¢ + 2,
42 at time t + 3, and so on. Given that the present value of all payments (1/(1 — §)) can be
thought of as the sum of a principal (share §) and an interest component (share 1—6), we define
the book value of the debt as #/(1 — ¢). This book value of debt is used in the firm’s collateral
constraint. We set § = 0.937 and 6 = 0.582 to match the observed duration of corporate bonds.
Appendix B.1 contains the details. The model’s corporate loans have a duration of 7 years on

average.

Borrowers can obtain a loan with principal value up to a fraction ¢ of the market value of
their house. We set the LTV ratio parameter ¢ = 0.5 to match non-financial sector leverage.
In the Flow of Funds data, the average ratio of loans and debt securities of the nonfinancial

corporate and nonfinancial noncorporate businesses to their non-financial assets is 37%.*

Preference parameters Preference parameters are harder to pin down directly by data since
they affect many equilibrium quantities and prices simultaneously. For simplicity, we assume all
three agents have unit elasticity of intertemporal substitution v, a common value in the asset
pricing literature. The subjective time discount factor and risk aversion coefficients are agent-
specific. Risk aversion and the time discount factor of the saver disproportionately affect the
short-term interest rate and its volatility. We set % = 57 = 0.985 to match the low observed
mean real rate of interest. Risk aversion of the saver og is chosen to match the volatility of the
real interest rate. In the data, the mean real interest rate is 1.2% with a volatility of 2.0% over

the period 1985-2014.1

We set g = 0.86 to instill a strong borrowing motive in the borrower-entrepreneur. This
parameter is important for matching the economy’s investment-to-output ratio. We target the

observed 13.3% ratio of total private nonresidential fixed investment to GDP. We choose risk

4For the Flow of Funds leverage data, we use the post-1987 sample. Only in this sample does nonfinancial
leverage become stationary.

15To calculate the real rate, we take the nominal one year constant maturity Treasury yield (FRED) and
subtract expected inflation over the next 12 months from the Survey of professional Forecasters. The mean
interest rate is sensitive to the sample period. Over the period 1990-2014, the mean is 0.7% and over the period
1998-2014, it is only 0.2%.
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aversion of the borrower (op = 2) to target the volatility of changes in the Flow of Funds

corporate debt to GDP ratio, which is 4.38% .

Finally, we set risk aversion of the intermediaries equal to o; = 1 in order to match the
leverage of the financial sector. The average ratio of total debt to total assets for 1985-2014 is

95.6%.'°

Government parameters We set discretionary government spending (G°) equal to 17.58%
of GDP, as in the 1953-2014 NIPA data. Transfer spending, which flows back to the households,
averages 3.19% as in the data. We make transfer spending countercyclical: GT = GT(g/g;)*®
so as to capture the observed -36% correlation between transfer spending/GDP and real per

capita GDP growth.!”

We set the labor income tax rate parameter 7 to match the observed income tax revenue
to GDP of 17.30%.!® We set the corporate income tax rate to match observed corporate
tax revenues of 3.41% of GDP. Given the tax shield of debt for nonfinancial and financial
corporations, we must set the corporate tax rate to 16.2% to hit the corporate tax revenue

target.

The third source of government spending is interest service on the debt, which is endogenous,

since both quantity and price of government debt are determined in equilibrium. In the data,

16Specifically, we include U.S. Chartered Commercial Banks and Savings Institutions, Foreign Banking offices
in U.S., Bank Holding Companies, Banks in U.S. Affiliated Areas, Credit Unions, Finance Companies, Security
Brokers and Dealers, Funding Corporations, Life and Property-Casualty Insurance Companies, GSEs, Agency-
and GSE-backed Mortgage pools, Issuers of ABS, and REITs. Krishnamurthy and Vissing-Jorgensen (2015)
identify a group of financial institutions as net suppliers of safe, liquid assets. This group is the same as ours
except that we add insurance companies and take out money market mutual funds, since we are interested in
leveraged financial firms. For comparison, leverage for the Krisnamurthy and Vissing-Jorgensen institutions is
90.7% for the 1985-2014 sample. The group of excluded, non-levered financial institutions are Money Market
Mutual Funds, other Mutual Funds, Closed-end funds and ETFs, and State, Local, Federal, and Private Pension
Funds. Total financial sector leverage, including these non-levered institutions, is 60.6%.

1745 is the coefficient in a regression of detrended transfer spending growth on GDP growth times 0.7 which
is our simulation sensitivity of GDP growth to TFP growth.

18We define income tax revenue as current personal tax receipts (line 3) plus current taxes on production and
imports (line 4) minus the net subsidies to government sponsored enterprises (line 30 minus line 19) minus the
net government spending to the rest of the world (line 25 + line 26 + line 29 - line 6 - line 9 - line 18). Our logic
for adding the last three items to personal tax receipts is as follows. Taxes on production and export mostly
consist of federal excise and state and local sales taxes, which are mostly paid by consumers. Net government
spending on GSEs consists mostly of housing subsidies received by households which can be treated equivalently
as lowering the taxes that households pay. Finally, in the data, some of the domestic GDP is sent abroad in the
form of net government expenditures to the rest of the world rather than being consumed domestically. Since
the model has no foreigners, we reduce personal taxes for this amount, essentially rebating this lost consumption
back to domestic agents.
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net interest payments on government debt average to 2.98% of GDP.'” This number is close
to the observed average budget deficit of 3.04% of GDP. We do not aim to match this number
since the U.S. government cannot run a 3% deficit in perpetuity. In our calibration the personal
and corporate tax revenue of 20.71% of GDP is close to the discretionary and transfer spending
of 20.77% of GDP. For these parameters, government debt to GDP will hover around zero and
result in a government net interest expense close to 0 as well. Government debt to GDP ratio

will naturally be stationary, as one would want in a steady state.?

We can interpret the risk-taker borrowing constraint parameters, &, as a regulatory capital
constraint set by the government. Under Basel II and III, corporate loans and bonds have a
risk weight that depends on their credit quality. For a 40% loss given default, the risk weight
on C&I loans with 2.5 year maturity ranges from 13% for AAA, 54% for BBB-, 125% for B+,
to 325% for CCC. A blended regulatory capital requirement of 5% (8% times a blended risk

weight of 62.5%) seems appropriate. This implies that & = 0.95.

We set the deposit insurance fee parameter k = 0 to reflect the fact that banks were not

required to pay any deposit insurance fees between 1997 and 2006.2!

Utility cost of risk-taker bankruptcy The model features a random utility penalty that
intermediaries suffer when they default. Because random default is mostly a technical assump-
tion, it is sufficient to have a small penalty at least some of the time. We assume p; is normally
distributed with a mean of p, =1, i.e., a zero utility penalty on average, and a small standard
deviation of o, = 0.05. The mean size of the penalty affects the frequency of financial sector de-
faults (and government bailouts). The lower p,, the lower the resistance to declare bankruptcy,
and the higher the frequency of bank defaults. The standard deviation affects the correlation

between negative intermediary wealth and bank defaults. Given those parameters, the fre-

19Net interest expenses are interest payments to persons and businesses (line 28) minus income receipts on
asses (line 10).

20In our numerical work, we guarantee the stationarity of the ratio of government debt to GDP by gradually
decreasing personal tax rates 7; when debt-to-GDP falls below b® = 0 and by gradually increasing personal tax
rates when debt-to-GDP exceed b = 1.2. Specifically, taxes are gradually and smoothly lowered with a convex
function until they hit zero at debt to GDP of -30%. Tax rates are gradually and convexly increased until they
hit 40% at a debt-to-GDP ratio of 160%. Our simulations never reach the -30% and +160% debt/GDP states.
These profligacy and austerity tax policies do not affect the amount of resources that are available for private
consumption in the economy.

21FDIC premia were raised after the crisis. Well capitalized banks currently pay 2.5 cents per $100 insured.
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quency of financial crises (government bailouts of intermediaries) depends on the frequency of

credit crises, and the endogenous choices (asset and liability choice) of the intermediaries.

4 Results

We present results from a long simulation of the model (10,000 years). For all variables of
interest, we report averages and standard deviations over time, as well as averages conditional
on being in a good state (positive GDP growth and no credit crisis, i.e. 0, 1), non-financial
recession (negative GDP growth, o, 1), and financial recession (negative GDP growth and o, zr).

We start by presenting standard macroeconomic moments, before turning to the financial sector.

4.1 Macro Quantities

The model matches several aggregate quantity moments by virtue of the calibration. These
include the mean investment-to-output ratio (14.1% vs. 13.3% in data), its volatility (1.05% vs.
1.23% in data), the mean capital-to-output ratio (1.49 vs. 1.27 in the data), mean government
consumption-to-output (17.48% vs. 17.58% in data), mean transfer spending-to-output (3.24%
vs. 3.19% in data), personal income tax revenue-to-output (17.51% vs. 17.30% in data). The
model also closely matches the mean, standard deviation, and autocorrelation of changes in log
real per capita GDP. GDP growth is endogenous in the model, but we chose the moments of the
productivity process to match these moments, given all other parameters. The model generates
amplification in the sense that GDP growth has higher persistence (36% autocorrelation vs.

34% in data) than TFP growth (24%).

Table 2 reports the unconditional moments of log changes in (real per capita) GDP and
its four main components for the data (Panel A) and the model (Panel B). The model is able
to generate investment growth which is substantially more volatile than GDP growth. The
model overstates the volatility of business investment (17.2% vs. 6.1% in the data). It also
somewhat overstates the volatility of aggregate consumption growth (2.9% vs. 1.8% in data).
The reason that both are overstated is that investment-to-output and consumption-to-output

are even more negatively correlated in the model (-79%) than in data (-46%).
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Table 2: Unconditional Macroeconomic Quantity Moments

mean  stdev corr. w. Ay AC
Data
Ay 2.00%  1.94% 1.000  0.339
Az 3.25%  6.14% 0.784  0.242
Ac 2.14%  1.78% 0.873 0.321
Ag 0.56%  2.53% 0.292  0.460
X /K 1051% 0.89% 0.442 0.822
X/Y 1329% 1.23% 0.187 0.867
Model
Ay 1.94%  1.97% 1.000  0.358
Az 1.94% 17.18% 0.257 -0.549
Ac 1.94%  2.91% 0.735 -0.271
Ag 1.94%  2.84% 0.349  0.242
X/K 946% 1.29% 0.617 0.443
X/Y 1449%  1.55% 0.529 0.171

To understand the workings of the model, it is useful to separate out periods in which the
economy is in expansion, from those where it is in a non-financial recession, from those where
it is in a financial recession. Financial recessions are states where both TFP growth is below
average and there is a credit crisis (o, is high). We recall that every credit crisis is also a
period of low TFP growth. GDP growth between period ¢ — 1 and ¢ is 3.6% when period ¢ is an
expansion, -0.26% when ¢ is a non-financial recession, and -0.60% when it is a financial recession.
As in the data, financial recessions are worse than non-financial recessions in terms of economic
growth. The differences in investment growth are even larger. It is 6.4% in expansions, -3.7%
in non-financial recessions, and -16.2% in financial recessions. Aggregate consumption growth
is only slightly negative in non-financial (-0.34%) recessions and essentially zero (-0.04%) in
financial recessions, suggesting that the agents in the model do a good job sharing risk across

dates and states. We come back to this below.

4.2 Financial Variables

Next, we turn to the various balance sheet variables, reported in Table 3.

Firms The first two rows of the borrower panel show the market value of assets (p;K?) and

the market value of liabilities of the non-financial corporate sector (¢ AZ), both scaled by GDP
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and measured at the beginning of the period. The difference between these two is the market
value of firm equity scaled by GDP. The ratio of the two is the mark-to-market leverage ratio,
i.e., the ratio of the market value of debt to the market value of assets (row 4). Entrepreneurs

own about half of their firms in the form of corporate equity, on average.

The market leverage ratio is about the same in expansions as in non-financial recessions.
Non-financial recessions see an increase in both the market value of assets and liabilities relative
to expansions, keeping the market value of equity unchanged. The increase in the market value
of capital is entirely accounted for by a rise in the capital-to-output ratio K?/Y; because there
is a modest decline in the price of capital p (row 15). Naturally, capital does not fall as much
as output in (non-financial) recessions. The market value of debt rises because firms increase
the quantity of debt relative to GDP, AZ/Y; (row 3). The price of corporate debt ¢ does not
change much between expansions and non-financial recessions. Indeed, row 17 shows that the

interest rate on corporate loans changes little.

Financial recessions affect corporations quite differently. First off, the drop in the price
of capital is much larger in financial recessions. But the capital to output ratio increases a
lot more as well so that the market value of capital is higher in financial recessions than in
expansions. The main difference is that the price of debt is much lower in financial recessions,
or equivalently the interest rate on corporate debt is much higher. Corporate leverage in market
terms falls. The market value of corporate equity rises. Book debt actually increases (row 3),

at least relative to a depressed GDP.

The borrower-entrepreneurs’ book leverage is 46% on average, measured as book value of
debt to market value of assets (row 5). This compares to 37% for non-financial firms in the
data. The model matches the observed volatility of the corporate debt-to-GDP ratio. In the
model, borrowers are always up against their leverage constraint. The reasons are that they are
sufficiently impatient and the tax shield is valuable. In financial recessions, the market value
of firm collateral falls and borrowing constraints tighten. This reduces the firm’s debt capacity

and its actual leverage, given that the constraint binds.

Borrowers default when the book value of their debt falls below the market value of their
(collateral) assets. The model generates average corporate default and loss rates of 2.2% (row

6) and 1.0% points (row 8), respectively, implying an average loss-given-default rate of 37.1%
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Table 3: Balance Sheet Variables and Prices

Unconditional Expansions Non-fin Rec. Fin Rec.
mean stdev mean mean mean
Borrower
1. Mkt Val of Capital / Output 1.537 0.049 1.525 1.570 1.551
2. Mkt Val of Corp Debt / Output 0.746 0.047 0.742 0.771 0.712
3. Book val corp debt / Y 0.691 0.028 0.683 0.710 0.708
4. Market corp leverage 50.92%  1.94% 51.40% 51.27% 46.61%
5. Book corp leverage 45.81%  0.40% 45.94% 45.87% 44.70%
6. Default rate 2.15%  2.16% 1.42% 1.63% 8.72%
7. Loss-given-default rate 37.10%  8.61% 34.49% 33.96% 63.59%
8. Loss Rate 0.98%  1.49% 0.49% 0.55% 5.56%
Intermediary
9. Mkt fin leverage 76.50%  3.92% 75.64% 75.49% 85.12%
10. Book fin leverage 79.62%  5.43% 79.40% 79.27% 82.13%
11. Fraction leverage constr binds 1.58% 12.47% 0.41% 0.27% 13.25%
12. Bankruptcies 0 0 0 0 0
Saver
13. Deposits / Y 0.581 0.036 0.574 0.598 0.595
14. Government Debt / Y 0.799  0.348 0.786 0.832 0.808
Prices

15. Tobin’s q 1.000 0.013 1.004 0.996 0.976
16. Risk-free rate 2.12%  4.13% 2.20% 3.52% -1.73%
17. Corporate bond rate 3.68%  0.38% 3.61% 3.62% 4.39%
18. Credit spread 1.56%  3.97% 1.41% 0.10% 6.13%
19. Excess return on corp. bonds 0.66%  3.08% 1.77% 0.43% -6.94%

(row 7). All these numbers are in line with the data. Loss rates are a lot higher in financial
recessions (5.6%) than in non-financial recessions and expansions (0.5%). This is the result of
both higher default rates and higher losses-given-default. Both are important features of the
data.

Intermediaries Intermediary leverage is 77% in market value and 80% in book value terms
on average in the model. While that is a high leverage ratio, it falls short of the 95.6% financial
leverage target. Intermediaries are highly levered because they enjoy a low cost of funding and
earn a high yield on corporate loans: the deposit rate is 2.12% and the corporate loan rate is
3.68% on average. Like non-financial corporations, financial intermediaries enjoy an interest

expense tax shield which makes leverage more attractive.

Intermediary leverage is lower in non-financial recessions and higher in financial recessions

24



than in expansions. In other words, the behavior of financial leverage in opposite that of non-
financial leverage in financial recessions. The main reason for the rise in financial leverage in
financial recessions is that the market value of banks’ assets, corporate loans, falls substantially.
This occurs because default risk rises which increases corporate bond yields. A lower value of
bank assets tightens their regulatory capital constraint. The intermediary leverage constraint
binds in 13% of the financial crises compared to 0.3% of non-financial recessions. In those
periods, intermediaries must reduce deposits to meet their capital requirements in the wake of
their credit losses. Still, intermediaries often remain unconstrained in financial recessions and
choose not to raise more deposits from households despite the very low deposit rates. This
suggests that the expected returns per unit of risk are not conducive to expand their lending

activities during financial recessions.

Intermediary net worth, or bank equity, is an important state variable in all intermediary-
based models. Intermediary net worth is the difference between the market value of bank
assets (row 2) and the book value of deposits (row 13). Intermediary equity to GDP is 16.5%
on average. It shrinks to 11.8% of GDP in financial recessions, while it rises to 17.3% in
non-financial recessions. The reduction in intermediary net worth itself is larger still since
GDP is lowest in financial recessions. The reduction in net worth makes the intermediaries
effectively more risk averse, leading them to charge larger risk premia on new lending. At
current parameters, banks are well enough capitalized to never go bankrupt (row 12). This
is despite the bailout guarantee, or equivalently deposit insurance, which lowers the cost of
deposits and provides banks with a risk shifting motive vis-a-vis the government. As risk averse
agents, bankers are reluctant to hit low net worth states since they imply low consumption and

high marginal utility.

Savers Risk averse savers only hold safe debt: they hold the safe debt supplied by the gov-
ernment and the intermediaries (rows 13 and 14). In the model, these two sources are about
80% and 60% of GDP, respectively. ?> Because of a strongly countercyclical primary deficit
(to GDP ratio) and only mildly procyclical interest expenses, the government must raise more

resources from savers in recessions. In equilibrium, the total amount of safe debt from deposits

22 At the benchmark parameters, the government-to-GDP ratio is stationary and lives on the interior of the
state space.
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and governments is nearly identical in financial and non-financial recessions. But its price is
much higher in financial recessions. Put differently, both the demand and the supply curve for
safe debt shift up in financial versus non-financial recessions, causing a higher bond price at
roughly the same quantity of debt. The conditional variance of consumption growth is higher
in financial recessions for savers, stimulating their precautionary motives and demand for safe
assets. Because intermediaries have lower net worth and are more constrained, they are only

willing to provide the same amount of deposits at a lower deposit rate.

Prices Real interest rates on safe debt are 2.1% on average and have a volatility of 4.1%
(row 16). In non-financial recessions, which are high marginal utility states for the saver,
banks have to raise risk-free rates to attract additional deposits. Faced with strong corporate
collateral values (row 15) and low default rates, banks view the corporate lending environment
as favorable. In contrast, financial recessions see large declines in collateral values, negative
(excess) returns on bank assets (row 19), high corporate credit spreads (row 18), and very low

real interest rates (row 16). All of these are important features of real-life financial crises.

4.3 Consumption and Welfare

Table 4 reports the moments of consumption for each agents, as well as each agent’s value
function, and aggregate welfare. By virtue of being the largest groups of agents, borrowers
and depositors have the highest consumption shares (relative to GDP). More interesting is
consumption growth in the second panel. It reveals that the intermediary has by far the most
volatile consumption growth, followed by the saver, and the borrower. All agents have the same
elasticity of intertemporal substitution, but the saver has the highest risk aversion, followed by
the borrower, and the intermediary who has the lowest risk aversion. Thus, the borrower has a
relatively low consumption growth volatility and the saver a relatively high one, given their risk
aversions. The reason is that the borrower is able to smooth consumption much better than the
saver. The saver is stuck absorbing fluctuating amounts of safe assets, expanding saving and
cutting consumption in the worst possible states of nature. As a case in point, consumption
growth for the saver is negative in financial crises but positive for the borrower. Due to their low

risk aversion, intermediaries’ role in the economy is to help the saver and borrower share risk.
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Table 4: Consumption and Welfare

Unconditional Exp Non-fin Rec Fin Rec

mean  stdev ~ mean mean mean
Consumption to Output
Consumption, B 0.343 0.006 0.342 0.343 0.356
Consumption, I 0.016 0.002 0.017 0.017 0.011
Consumption, S 0.315 0.010 0.316 0.314 0.314
Consumption growth
Consumption, B 1.94%  1.98% 2.63% -0.12% 1.73%
Consumption, I 1.94% 13.37% 6.58% -0.31% -26.71%
Consumption, S 1.94%  4.8™% 3.11% -0.58% -0.75%
Welfare
DWL /Y 0.004 0.006  0.002 0.002 0.024
Value function, B 0.388 0.005  0.388 0.389 0.392
Value function, 1 0.017 0.000 0.017 0.017 0.017
Value function, S 0.510 0.003 0.512 0.507 0.507
Aggregate welfare 0.462 0.003  0.463 0.460 0.461
Marginal utility ratios
log(MU B / MU I) 2.294 0.168  2.339 2.326 1.890
log(MU B / MU S) 1.875 0.037 1.877 1.880 1.850
logMU S / MU I)  0.420 0.157  0.463 0.446 0.040

The intermediary absorbs the credit losses and suffers a 27% consumption drop in a financial
recession. By the same token, the corporate sector gets to shed its defaulted debt and gets to
buy back the productive assets at a much lower price. Financial recessions transfer wealth from

intermediaries to borrowers.

The third panel reports moments related to aggregate welfare. Deadweight losses from
corporate bankruptcies are small relative to GDP (0.4%), but much larger in financial recessions
when the loss rate spikes (2.4%). This takes away resources from the economy. Aggregate
welfare is computed as the population-weighted average of the value functions. It is lower in
recessions than in expansions, largely because of the saver’s reduction in welfare in recessions.
Because the borrowers fare well in financial recessions, welfare is slightly higher in financial

than non-financial recessions.

The last panel plots ratios of marginal utilities between pairs of agents. In a complete
markets model with agents whose preference parameters differ, these ratios would differ across
pairs of agents but all would be constant over time. Our model is an incomplete markets model

featuring imperfect risk sharing; the marginal utility ratios display non-trivial volatility. This
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can also be seen by differences in the ratios across expansions and the two types of recessions.

4.4 Model Dynamics in Financial Crises

To further understand the dynamics of a credit crisis in the model, we compute impulse-
responses. We start off the model in the high-growth state, the highest of five points on the
TFEFP growth grid, and the low o, state. All other endogenous variables take their average values
in that exogenous state. In the next period the model undergoes a change to the lowest TFP
growth grid point. In one instance, the recession is accompanied by a switch to the high o,
state, a financial recession or credit crisis. In the second instance, the economy remains in the
low o, state, a non-financial recession. From period 2 onwards, the two exogenous states follow
their stochastic laws of motion. Specifically, we simulate 10,000 sample paths of 9 additional
years and average across paths. In periods 1 through 10, the endogenous states take on their
average value corresponding to the exogenous state that is realized. The exercise allows us to
study the transition from a strong economy with a credit boom to a bust with a financial crisis,
like we saw in the years before and after 2007-08. It also allows us to understand the differences
between financial and non-financial recessions. Figures 1-4 plot the impulse-response functions
for the key variables. All quantity variables are normalized to 100 in year 0. Growing quantities

are detrended by the constant long-run productivity growth rate.

Figure 1 plots the main aggregate macro-economic time series. They show that GDP, con-
sumption, and investment all fall in the first period of the recession. Government consumption
increases by our assumption of countercyclical government spending. What is interesting is that
output continues to fall sharply in the year following a financial recession, while it stabilizes
in the year following a non-financial recession. The same is true for consumption. This is not
a mechanical effect because the probability of a recession in year 2 is independent of whether
or not the economy was in a high credit risk state in year 1. The model generates endogenous
amplification. Most of the additional period-2 decline in consumption is due to borrowers who
are rebuilding the capital stock - in those period 2 states where TFP recovers - by scaling back
consumption. A second interesting finding is that investment takes a much bigger hit in finan-
cial than in non-financial recessions in period 1. After a partial recovery in period 2, investment

drops again in period 3. Even ten years later, investment remains far below the previous peak
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and below the level in a non-financial recession.

Figure 1: Financial vs. Non-financial Recessions: Macro Quantities
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The graphs show the average path of the economy through a recession episode which starts at time 1. In
the previous period, the economy was in a high growth state. The recession is either accompanied by a high
dispersion of depreciation (high o,,, financial recession), or low dispersion (low o,,, non-financial recession). From
period 2 onwards, the economy evolves according to its regular probability laws. We obtain these via a Monte
Carlo simulation of 10,000 paths of periods 2-10, and averaging across these paths. Blue line: non-financial
recession Red line: financial recession.

Figure 2 focuses on the assets and liabilities of borrowers and intermediaries. All balance
sheet variables are measured at the beginning of the period so that the shock at time 1 only
affects them in period 2. That is why all quantity variables are the same in period 1 in financial
and non-financial recessions. Market value objects are affected by prices already in period 1.
The first two panels show that firms shrink their balance sheets, both the book value of assets
and liabilities, much more in a financial recession than a non-financial recession. In market
value terms, firms’ debt falls even more due to the decline in the price of debt (bottom left
panel). The market value of assets also falls more sharply than the book value because of a
decline in the price of assets, but the decline in the market value of assets is smaller than that
in the market value of liabilities in financial recessions. Correspondingly, the net worth of the
corporate sector increases sharply in financial recessions (top right panel). Entrepreneurs cut

consumption thereby increasing the resources inside the firm. One loose interpretation is that
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firms are building reserves, rather than paying out dividends to their owners, in anticipation
of future investment needs. The following year, firms indeed resume investment. The bottom
panels of Figure 2 show banks’ balance sheet items. The market value of banks’ assets is in the
bottom left, while the deposits in the middle panel are the banks’ liabilities (both in market
and book value terms). The difference between the two is the banks’ net worth, plotted in the
right panel. A financial crisis coincides with a sharp drop in bank assets and liabilities. Bank
leverage increases sharply in market and book value terms. Bank equity falls by 50 percent in
two years. Banks are slow to recapitalize. Even ten years later, their equity is still far from
trend. Financial crises redistribute wealth from financial to non-financial firms in the model.
By defaulting on their debt and buying back the seized collateral from the banks at fire sale
prices, firms are able to recapitalize. Banks absorb the credit losses, resulting in a massive
decline in equity.

Figure 2: Financial vs. Non-financial Recessions: Balance Sheet Variables
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Blue line: non-financial recession Red line: financial recession.

Figure 3 shows the interest rates, the credit spread, and the price of capital. In the first period
of a financial recession following a boom, the real risk-free rate turns negative and the credit
spread blows out reaching 800 basis points. Financial recessions are periods of high credit risk

and credit risk premia, both of which enter in the credit spread. Strong precautionary savings
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motives depress the real rate. In sharp contrast, non-financial recessions see an initial increase
in the risk-free rate and a decline in the credit spread. The price of capital falls a lot more
in financial recessions. In the year after a financial crisis, the risk-free rate and credit spreads
reverse. This occurs because the recession and the credit crisis end with substantial probability
in period 2. The loan rate, which is their sum, continues to increase putting further pressure

on the value of bank assets. The same reversal can be seen in the price of capital.

Figure 3: Financial vs. Non-financial Recessions: Prices
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Blue line: non-financial recession Red line: financial recession.

Figure 4 shows the value functions of the three types of agents, and aggregate welfare,
their population-weighted average. Two sharp distinctions jump out between non-financial
(left panel) and financial recessions. First, savers and especially intermediaries suffer greater
welfare losses in a financial recession. In fact, banks gain in a non-financial recession. Second,
borrowers suffer much smaller welfare losses in a financial than in a non-financial recession.
They are recapitalizing at the expense of the banks, shedding debt in bankruptcy and buying
capital at distressed prices, and are able to smooth consumption reasonably well. The net
result is that aggregate welfare losses from a recession are about the same for financial and

non-financial recessions. They just affect different types of agents very differently.
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Figure 4: Financial vs. Non-financial Recessions: Welfare

Non-financial recession Financial recession

1571 151
Gal)

0’ \~\

~,
~e.,

4
.
]
¥
]
.
]
r
]
.

S
n

Percent Change

=
o
T

'
N
T

-2.5 * * : : ! -2.5

4.5 Predictive Regressions

A literature cited in the introduction documents that credit spreads are good predictors of
future economic growth. We add to this literature by revisiting this predictive relationship
inside a rich structural model that generates endogenous fluctuations in both credit spreads

and macroeconomic aggregates.

Table 5 summarizes our predictability results. In Panel A we focus on predicting real per
capita GDP growth between period t-1 and t, Ay;. The first column uses the credit spread at
time t-1, s;_1, as the predictor. As before, the credit spread is the difference between the yield
on long-term defaultable corporate loans and the yield on the short-term safe asset. Since the
model is cast at annual frequency, the regression are run based on 10,000 periods of annual
simulated data. As is common in the empirical literature, the regression controls for one lag of

the dependent variable. T-statistics are reported below the point estimates.

The first column shows that the credit spread forecasts next year’s GDP growth with a slope
of -0.064. The R? is 14%. The last row reports that a one standard deviation in the credit
spread changes GDP growth by -0.13 standard deviations. In the second column we replace

the credit spread at time t-1 by the change in the credit spread between t-2 and t-1, As; ;. If
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the credit spread is persistent, this may be the better specification. The results are identical in
terms of economic magnitudes and R2. Using annual data from 1929-2013 and the Baa-minus-
Treasury spread, Lopez-Salido, Stein, and Zakrajsek (2015) report a standardized response of
-0.37. While our model generates the correct sign as well as significance, the magnitude of the

effect is about 1/3rd of that found in the data.

In the third column, we additionally control for the lagged change in the short-term bond
yield. The R? improves marginally to 15%, and both predictors enter with a negative sign and
significantly. The same is true in the data. The economic magnitude of the effect increases to

-0.69 standard deviations

Table 5: Predicting Economic Activity with the Credit Spread

Panel A: Predicting Ay,
H @ 6B @& (6 (9

S1-1 -0.064
-13.73
As;_ -0.037 -0.198
-13.63  -3.15
EER, -0.218
-11.70
A -0.042
-4.92
Alog(D/Y )4 -0.040
-9.86
Ay 0.373  0.373 0.367 0.335 0.359 0.336
40.01  40.01 38.23 3529 3847 35.17
Arl -0.156
-2.57
R? 014 014 015 014 013 0.14

Stand. effect -0.128 -0.127 -0.688 -0.111 -0.046 -0.059

The credit spread fluctuates because of changes in the expected default rate, the quantity
of risk, and because of changes in the price of credit risk. The expected return on corporate
loans/bonds in excess of the one-period safe bond rate is a measure of the risk premium. We
can directly compute it in the model. Column (4) uses this expected excess return and shows
that it, too, forecasts future GDP growth with a negative sign. The R? is the same 14% as for
the credit spread, and the economic effect is -0.111 so that the predictive ability of the credit

spread and the risk premium is very similar. Greenwood and Hanson (2013) and Lopez-Salido,
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Stein, and Zakrajsek (2015) provide empirical proxies for the expected excess returns associated
with bearing credit risk, interpret them as investor sentiment measures, and show that they
predict future economic activity. Our model generates fluctuating “investor sentiment,” in that

risk premia are time-varying, which predicts economic activity.

In column (5), we repeat the approach of Lopez-Salido, Stein, and Zakrajsek (2015) who
instrument changes in the credit spread As;_; with its projection onto s;_s. The instrumented
change in credit spread, AS;_ 1, continues to predict GDP growth with the right sign, but the
economic magnitude is less than half as strong. This indicates that the instrument for the

expected excess return is rather weak, at least inside our model.

Finally in column (6) we predict GDP growth between period t-1 and t with the log change
in the market value of bank assets to GDP between periods t-2 and t-1. This specification is
inspired by Mian and Sufi (2016), who show a negative relationship between lagged bank credit
growth relative to GDP and future GDP growth. Our model replicates this relationship. The
R? is 14% and the economic impact on GDP growth from a one standard deviation change is

-0.06, or about half as large as from the credit spread change.

4.6 Credit Risk Premium

The above analysis showed that our model’s expected excess return fluctuates over time and has
about the same predictive content for GDP growth as the credit spread. An interesting question
is which of the state variables in the model are the key drivers of the credit risk premium. In
intermediary-based asset pricing models, the net worth share of the intermediary is usually a
key state variable. For example, in He and Krishnamurty (2013), when intermediaries represent
a small share of total wealth and they require high risk premia to be willing to hold risky assets.
Our model features much more complex risk premium dynamics since there are three agents
whose wealth shares matter plus government debt plus the capital stock. And the effects of
all state variables on the risk premium may be nonlinear. Nevertheless, a linear regression of
the credit risk premium on the financial intermediary’s wealth share is a natural step to better

understand the model’s asset pricing implications.

We regress the credit risk premium in the model on the two exogenous state variables,

34



measured contemporaneously. They explain 43% of the risk premium variation. The credit
shock o, is naturally a stronger driver than TFP growth. When we add financial intermediary
and corporate leverage as explanatory variables for the credit risk premium, the R? increases
to 64.5%.

Figure 5 shows the histogram of the intermediary wealth share plotted against the credit risk
premium. Consistent with the result in He and Krishnamurty (2013), the credit risk premium
is high when the financial intermediary’s wealth share is low. In a financial crisis, our model

generates quantitatively large credit risk premia.

Figure 5: The Credit Risk Premium and the Financial Intermediary Wealth Share
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5 Macro-prudential Policy

We use our calibrated model to investigate the effects of macro-prudential policy choices. The
first exercise we consider is tightening the maximum loan-to-value ratio that applies to corporate
borrowers (¢). It directly constrains the maximum leverage of the non-financial firms. The
second experiment increases the regulatory capital weight that enters in banks’ Basel constraint
(€). Tt directly constrains the maximum leverage of the financial intermediaries. Table 6

presents the results.
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Tightening Firms’ LTV Constraint Starting with the tighter LTV limit in column 2, we
find that firm book leverage falls by 9 percentage points when ¢ is reduced from 0.50 to 0.40.
With lower leverage, default rates drop substantially from 2.15% in the benchmark to 0.97%.
The loss given default rate also falls a bit, resulting in a loss rate that is reduced by 50%. The
loss rates drops by 2 percentage points in financial recessions, making them substantially less
severe events. The concomitant reduction in deadweight losses from foreclosure (-56%) is a first

source of welfare gain from this macro-prudential policy.

The second result is that financial intermediaries respond to the improved safety of corporate
loans by increasing their leverage. Intermediary leverage rises from 76.5% to 81.1%. Banks’
regulatory capital constraint binds nearly twice as often, especially during financial recessions.
Because these financial recessions are less severe, banks regularly want to increase lending to the
point where their constraint binds. Banks are smaller. Deposits represent only 51.8% of GDP
compared to 58.1% in the benchmark model. The reduction in financial intermediation follows
from the reduced demand for corporate loans from the firms, induced by macro-prudential pol-
icy. The reduction in corporate credit reduces the size of the entire economy: the capital stock
and output are smaller than in the benchmark economy by 4.4 and 1.5 percent, respectively.
The increased financial stability reduces macro-economic volatility: GDP growth (-1.2%), con-
sumption growth (-21.6%), and investment growth (-49.6%) are all less volatile. But it comes

at the cost of a smaller economy.

On net, tightening firms’ maximum LTV ratio lowers welfare by 0.57% in consumption
equivalence units. The reduction in credit risk in the system benefits the stability of the
economy, helping all three agents smooth consumption better. The volatility of all pairwise
marginal utility ratios falls. But the smaller size of the economy hurts the mean consumption
of all agents. There are interesting distributional implications. Maybe surprisingly, borrowers
benefit from having tighter LTV constraints imposed on them. Their value function increases
by 1.34%. They consume a larger share of total consumption compared to the benchmark.
An important reason for the higher average consumption share is that borrowers pay a lower

interest rate on their debt, especially during financial crises.

Savers, who are by far the largest group in the economy, lose from the policy: their value

function falls by 1.2%. They earn lower interest rates on their savings. The scarcity of safe
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Table 6: Macroprudential Policy

Benchmark Lower ¢ Lower & Lower ¢ and &

mean mean mean mean
Borrowers
1. Mkt Val of Capital / Output 1.537 1.492 1.532 1.486
2. Mkt Val of Corp Debt / Output 0.746 0.628 0.740 0.621
3. Book val corp debt / Y 0.691 0.540 0.689 0.538
4. Market corp leverage 50.92% 44.00% 50.72% 43.72%
5. Book corp leverage 45.81% 36.94% 45.82% 36.95%
6. Default rate 2.15% 0.97% 2.10% 0.94%
7. Loss-given-default rate 37.10% 35.85%  37.04% 35.77%
8. Loss Rate 0.98% 0.48% 0.96% 0.46%
Intermediaries
9. Mkt fin leverage 76.50% 81.14% 73.02% 76.99%
10. Book fin leverage 79.62% 84.45% 76.03% 80.16%
11. Fraction leverage constr binds 1.58% 2.49% 2.24% 3.01%
12. Bankruptcies 0 0 0 0
Savers
13. Deposits / Y 0.581 0.518 0.550 0.486
14. Government Debt / Y 0.799 0.390 0.814 0.409
Prices
15. Tobin’s q 1.000 1.000 1.000 1.000
16. Risk-free rate 2.12% 1.87% 2.16% 1.91%
17. Corporate bond rate 3.68% 2.97% 3.73% 3.03%
18. Credit spread 1.56% 1.10% 1.57% 1.12%
19. Excess return on corp. bonds 0.66% 0.66% 0.69% 0.70%
Welfare
20. DWL /Y 0.004 -56.08% -2.65% -57.96%
21. Value function, B 0.388 +1.34%  -0.19% +1.11%
22. Value function, I 0.017 -3.34% +1.28% -2.02%
23. Value function, S 0.510 -1.16% -0.08% -1.27%
24. Aggregate welfare 0.462 -0.57% -0.10% -0.70%

debt allows banks and the government to pay a lower safe interest rate.

Finally, the banks are the biggest losers from this policy because (i) their operations shrink
in size, and (ii) the difference between the yield on their assets and liabilities, the credit spread,
shrinks. These effects dominate the improved risk sharing benefit because intermediaries are

not all that risk averse.
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Tightening Banks’ LTV Constraint The next experiment we investigate is a regulatory
increase in bank equity requirements. Rather than being able to borrow 95 cents against every
dollar in assets (§ = 0.95), we only allow banks to raise 90 cents in deposits (£ = 0.90). This
change lowers equilibrium bank leverage from 76.5% to 73.0%. The regulatory capital constraint
binds more frequently: 2.2% of the periods compared to 1.6% in the benchmark, and even more
so in financial crises (19.6% vs. 13.2%). Bank deposits shrink by more than 3%. Because the
intermediary is better capitalized, she is better able to absorb the shocks. Her consumption
growth volatility shrinks and her consumption share increases. Maybe surprisingly, it is the

agent whose constraint is tightened that benefits from the policy change (41.28%).

Tighter bank capital requirements have a modest adverse effect on non-financial corporations.
They face a slightly higher corporate bond rate. The equilibrium amount of corporate debt and
the economy’s capital stock shrink modestly. Firms’ consumption growth volatility is slightly
higher and their consumption share is unchanged, explaining the small welfare loss they suffer

(-0.19%). Effects on production are modest (-0.17% decline in output).

Savers are also slightly worse off (-0.08%) because their consumption, despite increasing as a
share of output, also becomes slightly more volatile. They have to accommodate a more volatile
supply of safe debt. The mean safe interest rate is 4 basis points higher, benefiting the saver

but not enough to undo the volatility effect.

Overall, the welfare effect of tighter bank capital requirements is a welfare loss of -0.10%.

Combining Both The combined welfare effects from both macro-prudential policy changes
are nearly additive for each agent. The aggregate welfare loss is 0.70%. The main cost from the
policy is a smaller economy. The main benefit is lower defaults, greater financial stability, and
lower macroeconomic volatility. Financial leverage is mostly unchanged from the benchmark

policy while corporate leverage is much reduced.

6 Conclusion

We provide the first calibrated macro-economic model which features banks who extend long-

term defaultable loans to non-financial firms producing output and raise deposits from risk
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averse savers, and in which both banks and firms can default. The model incorporates a rich

set a fiscal policy rules, including deposit insurance, and endogenizes the risk-free interest rate.

The model features a double financial accelerator. Like in the standard accelerator model,
shocks to the macro-economy affect entrepreneurial net worth. Since firm borrowing is con-
strained by net worth, macro-economic shocks are amplified by tighter borrowing constraints.
Unlike the original models, ours features impatient but risk averse and infinitely-lived en-
trepreneurs. The second financial accelerator arises from explicitly modeling the financial
intermediaries’ balance sheet as separate from that of the entrepreneur-borrowers and sav-
ing households. Intermediaries are subject to regulatory capital constraints. Macro-economic
shocks that lead to binding intermediary borrowing constraints amplify the shocks through
their direct effect on intermediaries’ net worth and the indirect effect on borrowers to whom
the intermediaries lend. However, in periods when intermediaries can absorb the fundamental

shock without constraining the firms, they can short-circuit the first accelerator mechanism.

We provide a global nonlinear solution to this problem and a rich calibration to the U.S.
economy. We explore the dynamics of quantities and prices in this setting and compare them
to U.S. data, with a focus on understanding differences between financial and non-financial
recessions. Our main application studies macro-prudential policy and contrasts restrictions on
firm leverage to those on bank leverage. While such policies reduce the credit risk in the system
and promote macro-economic stability and better risk sharing among the agents, they shrink

the size of the economy and are ultimately welfare-reducing.

Our next steps are to introduce standard New Keyenesian elements such as nominal rigidities,
monopolistic competition, and monetary policy. We believe our setting is an interesting one
to evaluate the effect of the zero lower bound (ZLB) on nominal short rates. A binding ZLB
during a financial crisis would keep the real rate elevated. Compared to a flexible price economy
or one without a ZLB, where the real rate would fall, the ZLB economy would preclude a
recapitalization of the intermediary through a negative real deposit rate. This force greatly
mitigates the severity of financial recessions in the current model. Thus, a binding ZLB may

lead to a severe crisis exactly because it prevents a recapitalization of financial intermediaries.
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A Model Appendix

We reformulate the problem to ensure stationarity of the problem. We do so by scaling all
variables by productivity.

A.1 Borrower-entrepreneur problem

A.1.1 Preliminaries

We start by defining some preliminaries.

Za(wi) = [1 = Fo(w;; x)]
Zg(wf) = [1 = Fo(wis X)JE [wiys | wip > wfsx]

and F,(-;x) is the CDF of w;; with parameters x. Assume w;; are drawn from a Gamma
distribution with shape and scale parameters x = (xo, x1) such that

te = Eilwi g xo0, X1l = Xoxa
o7, = Var;[wis; Xo, x1] = Xox?

From Landsman and Valdez (2004, equation 22), we know that

1— F,(@xo+1,x1)
1— Fw(wv X0, Xl)

E[w|w > (D] = Hw

so the closed form expression for Zx is

Zg(w)) = pw [1 — Folw/5x0 + 1, x1)]

It is useful to compute the derivatives of Zg(-) and Za(-):

0Zxlwi) _ 0 [* it
o = g ] = L),
8ZA((,U;<

a o0
At ) _ » / ; Fulw)dw = — (@),

where f,(-) is the p.d.f. of a Gamma distribution with parameters (o, x1)-

Capital Adjustment Cost Let

WX ) = 4 (5~ - m)z KP.
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Then partial derivatives are

A.1.2 Statement of stationary problem

We consider the borrower’s problem in the current period after productivity and deprecia-
tion shocks have been realized, after the intermediary has chosen a default policy, and after
the intermediary’s random utility penalty is realized. To ensure stationarity of the borrower-
entrepreneur’s problem we define the following transformed variables,

{étB7 Xh AtBJ Kf? Ibg, G?B} ’
where for any variable var, denotes division by the current realization of productivity Z;:

Vary

vary = .
t

It follows that transformed output is ¥; = (K2)'*L¢. For the choices of capital and debt for
the next period we further define

. B
KB — Kt+l
t+1 Zt
and 5
Ile _ A
t+1 Zt .
Let S = (gt,aw,WtI ,Wts ,];’ﬁ 1) represent state variables exogenous to the borrower-

entrepreneur’s decision. Then the borrower’s value function, transformed to ensure stationarity,
is:

~ ~ ~ ~ 1-1/v
e R TS (1 (o
{ékaﬁpw?»)ztw‘iﬂli{}

° B °-B iB B\ 7P o |
gt+1 —0gt+1 —gt+1
+ BeE; (6 V=(e Kiq,e At+17St+1)>
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subject to

CP = (1 —)YP + (1 = P)yPLP + GTP + i Xy + (Zie(w)) + 10k Za(w])) KP
+ g AP — Za(w)AP(1 — (1 - 0)r + 5q™)

~
~

- ptKEH — X - \I/(Xu f(tB) —(1—14) Z wiLi (18)

j=B,I1,S
opeZx(w])KP > FAP (19)
Shy = hSP) (20)

where the functions Zx and Z4 are defined in the preliminaries above.

The continuation value VZ(-) must take into account the default decision of the risk taker
at the beginning of next period. We anticipate here and show below that that default decision
takes the form of a cutoff rule:

VP (RE.AP SP) =Ey(ai)E, VO (K, AP SP) o < pi] + (L= Byl ) B, [V(RP, AP.5P) [0 > i)

=F, (0 )VE (KL AP 8P (pn < p1) + (L= F, (o)) VE(KS AP 8P (o1 > pl(‘)),)
21

where (21) obtains because the expectation terms conditional on realizations of p; and p; only
differ in the values of the aggregate state variables.

Denote the value function and the partial derivatives of the value function as:
VP =V(KP AP, SP),
oV (KP, AP, sP)

p _
At 9AB ’
"rB EaV(KtB7AtB7StB)
o OKP

Therefore the marginal values of borrowing and of capital of VZ(-) are:

OVE(KE, AP SE(p, < pp)) OVE(KP, AP SE(p: > pp))

fot = Fp(ﬂr) + (1 - FP(P:))

AP DAP
% WOVE(KE AP SP(p < i o OVE(KEP AP SP(p, >
Vfgt:Fp(pt) (s tABt (pr < pi)) + (1= FE,(p))) (5 tABt (pe > p))
0K/} Ok

Denote the certainty equivalent of future utility as:

~ R ~ l-op | 1-op
CEP = E, [(eQHIVB(KﬁpAﬁpSﬁl)) ] :
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A.1.3 First-order conditions
Loans The FOC for loans flﬁl is:

1

T 1-1/v *

0

{a-pm fer]™"

1

1-1/v N T=1/5
~ R R l-op | T-0p5
+ OpEy [<€gt+1VB(K£17 AEF17S£-1)> } } x

x {(1 —uyn - e e8] g

lfl/u_l

1—-1/v x . . l-o5] 1-0p
+ Bp - U/B E: [(egt“VB(KfHa Ailvszil)) } x

X By [(1 — o) (egtHVB(wa Ai1’8£1)> ’ egmvfiﬂe_gtﬂ} } —A\F

where AP is the Lagrange multiplier on the borrowing constraint.
Simplifying, we get:
g (CP)" (1 = Bp) (V) =
ACE = BpE(e” Vi) 7B VE ) (CEP) e Y (VP (22)

Observe that we can rewrite equation (22) as:

m (ét?)l/y B gt417/B \—o5{rB Byop—1/v({rB\1/v
0 = T e VO F BBl V) VR C BN T
Ry

We define the rescaled Lagrange multiplier of the borrower as the original multiplier divided
by marginal utility of current consumption:

(N

AB = \B - :
(1= Br)(VP)1

Then we can solve for the mortgage price as:

(étB>1/y gt4177B \—o5{rB Byop—1/v({rB\1/v
T B VRN CER 29
— Bs)(V,

m \B

q; :)‘tF_ﬂB
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Capital The FOC for new purchases of capital Ki1 is:

1
0=

=1_ 1/y(\7tB)1/u . {—(1 S ) = B)(CEY Y pt

1—1/v
1—0’3

ﬁB(CEtB)UBfl/VEt[(l . O.B)<€gt+1f/t§1)UBegH-lVIgtJrlegtH]} .

Simplifying, we get:

(L= Be) (V")

Dt =

(CP)»
BEEl(e" V2 ) B VE W (CEP) 7= (V) (24)

Default Threshold Taking the first-order condition with respect to w; and using the ex-
pressions for the derivatives of Zx(-) and Z4(-) in the preliminaries above yields:

) [wip KL+ 63F) = (1= (1 = 0y + g 4] U= fC))(V/)/ —0. (%)
¢
This can be simplified to give:
ot = AtB(1—A(1—9)Tﬁ~+ dq") (26)
PEE(1+ 0AF)
Investment The FOC for investment X is:
1 0 (P, 8 — p L

(CP)V»
which simplifies to

1+ Uy (X2 KP) =p,.

Labor Inputs Defining y5 =1 — 77 — 75, aggregate labor input is

L= [ @)

J=B,L,S

The FOC for labor input L is then

~ l1—a N

L, [ KP 1 a- Byi/v

(1 - TH) ay; t t _ ng ( BAB)O/; ) =0,
Lg L, (C’f)l/l’
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which yields
~ 11—«
L, ([ KP i
s — — p— . 27
ay; 7 ( I ) wy (27)

A.1.4 Marginal Values of State Variables and SDF

Loans Taking the derivative of the value function with respect to AtB gives:

: n) 7. () (L= BR) V)Y

Capital Taking the derivative of the value function with respect to f('tB gives:

pi (Zic(@i) (1 + 00F) + ok Za(wi)) + (1= a)(1 = 71 (Kf) — Uk (XF, Kf>]
(1 Ba) (V%)

X (G : (29)

B
Vice =

SDF Define the borrower-entrepreneur’s intertemporal marginal rate of substitution between
t and t 4 1, conditional on a particular realization of p;,; as:

B COVPlOCE,  avE OV JOCE,
Mt,t-l—l(pt-‘rl) = OB AAB AL EB € ~ B I AAE
OV;BJoCE OV (prs1) aV;? |0C}

(CH) ™M (1 = Be) (Vi (prsn))

— 7B 1/1/ B UB*l/V gt+1 :B —0oRB
D L (CEY-1v(1 — Bg)(V,B)WY

a —-1/v N —(op—1/v)
— Bpe B CAt]il Vﬁl(PtH)
CB CEP

We can then define the stochastic discount factor (SDF) of borrowers as:

MEtJrl = Fp(p:+1)Mft+1(pt+1 < P:H) + (1 - Fp(p:+1))Mft+1(pt+l > P:Jrl)a

where MP,, (pi1 < pfyq) and MP, (prer > piyy) are the IMRSs, conditional on the two
possible realizations of state variables.

A.1.5 Euler Equations

Loans Recall that ‘Afft 41 1s a linear combination of Vf:t 41 conditional on p; being below and

above the threshold, and with each Vft 41 given by equation (28). Substituting in for ‘Afft 41 In
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(22) and using the SDF expression, we get the recursion:

@ = NF +E (MP Za(wiy) (1— (1= 0)r + 5q;11)} : (30)

Capital Likewise, observe that we can write (24) as:

~

_ 5BEt[€gt“(WEl)fUBVIng](CEtB)JBfl/V(VtB)l/V
(CP)r(1 = B)(ViP)H

Dbe

Recall that Vlgt 41 is a linear combination of ‘A/I?,t 41 conditional on p; being below and above

the threshold, and with each V[?,t 41 given by equation (29). Substituting in for Vfgt +1 and using
the SDF expression, we get the recursion:

pe=E [Mft—l—l {pt+1 (ZK<("J:+1)(1 + ¢5‘E|-1) + 71%5KZA(W:+1)>

+(1—a)(1 -7 (m) — Uy (Xpie, Kﬁl)}] . (31)

A.2 Intermediaries

A.2.1 Statement of stationary problem

As for borrower-entrepreneurs, we define the following transformed variables for intermediaries:
(Wi, ¢l AL G B,

Denote by th risk taker wealth at the beginning of the period, before their bankruptcy
decision. Then wealth after realization of the penalty p; is:

W = (1= D(p))W/,
and the effective utility penalty is:
pr = D(pe)pr-

Let S} = (gt, 0wy, KB, AP BS | WS ) denote all other aggregate state variables exogenous to
intermediaries.

After the default decision, intermediaries face the following optimization problem over con-
sumption and portfolio composition, formulated to ensure stationarity:

1
1-1/v 1-1/v

A 1-1/v
VWl 5. ST = 1— C_tl E g (/T (Wl S! tor|on
(We, pe, t)—élgllaxé[ ( Br) ot + BrE: | (e t4+15 Ott+1
tr Mt++10"t
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subject to:

(1— )@l L+ W] + G5 = OF + " Al + (af + '] — Kl 0) B (33)
thﬂ =e o [(Mtﬂ + ZA(W:H)‘S‘J?}rl) A{H + Bﬂ ’ (34)
o Bl > — &g AL, (35)
AR >0, (36)
Sl = h(S)). (37)

For the statement of the problem above, we have defined the after-tax payoff per bond as

(1= Qo = Zi () KE

M, = Zx(w;)(1 — (1 —0)7) + yY:

The continuation value V7 <th+1, S} +1> is the outcome of the optimization problem inter-

mediaries face at the beginning of the following period, i.e., before the decision over the optimal
bankruptcy rule. This continuation value function is given by:

VIV, S!) = max B, [D(p)V(0.p.80) + (1= D(p) V' (77,0.80) (38)

Define the certainty equivalent of future utility as:
s 1—0; Too7
CE! — E, Kegmvf (Wfﬂ, 3§+1)) ] . (39)

A.2.2 First-order conditions

Optimal Default Decision The optimization consists of choosing a function D(p) : R —
{0,1} that specifies for each possible realization of the penalty p whether or not to default.

Since the value function V! (W, p, SF) defined in (32) is increasing in wealth T and decreasing
in the penalty p, there will generally exist an optimal threshold penalty p* such that for a given
Wt[ , intermediaries optimally default for all realizations p < p*. Hence we can equivalently
write the optimization problem in (38) as

VIOV, Sff) —max B, [ﬂ[p <p V0,0, 8) + (1 = 1[p < p)) VI (W/,0,8])

=max F,(p") E, [‘71(0, P S p < p*] + (1= F,(p") VI(W/,0,8)).

P
The solution p; is characterized by the first-order condition:

VI(Ov /):;7815[) = ‘A/I(thv 07 'Stl>
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By defining the partial inverse F : (0,00) — (—00,00) of V7(-) in its second argument as

{@y):y=F@)eo=7"04}.
we get that o
piy = F(V!(W,0,8/)), (40)
and by substituting the solution into (38), we obtain
VI8! = BB, V10,080 < ] + (1= Eoi) V07 0.8)). (1)
Equations (32), (40), and (41) completely characterize the optimization problem of risk-takers.

To compute the optimal bankruptcy threshold p;, note that the inverse value function defined
in equation (40) is given by:

Fla) = log((1 — B8;)CI) — 1_11/Vlog (=YY = B (CEN'YY) forv > 1
7 = B)log(CY) + Brlog(CE!) — log(x) — (1— fr) if v = 1.

Optimal Portfolio Choice The first-order condition for the short-term bond position is:

(1 BV _

(q{ + THTZ - “I{Btf«)})

(i)
Mal + BB VL) Vi ) (CBT (7 (42)

where A is the Lagrange multiplier on the borrowing constraint (35).

The first order condition for loans is:

(1—Br)(V;H”

(¢)" + 7" F) = \N&q" +

(chvr
+ BB VLD T Vi (M + 8 Za(wiy)aiy) J(CED T (VY (43)

where p! is the Lagrange multiplier on the no-shorting constraint for guaranteed loans (36).

A.2.3 Marginal value of wealth and SDF
Differentiating (41) gives the marginal value of wealth

oV (W/.0.5))

VL, =(1—F,(p
wie = ( »(p7)) oWl

)

where o
ovI(W/,0,S/)
oW/

= (C) V(1= B (VI(W/,0,80)1,
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The stochastic discount factor of intermediaries is therefore

Sy —(o1=1/v) 4 A N\ ~L¥
MI = [re o191 VI(WtIJrl? 0, StIJrl) CtI+I
tt+1 I CEl t :

and 3
M{,t—i-l = (1 - Fp(p;ﬁk—o—l))M{,t—&-l
A.2.4 Euler Equations

It is then possible to show that the FOC with respect to Bt] and flt[ 41, Tespectively, are:

al (1= X)) = Be | M| + Kl gy — 7], (44)

@' (1= €M) = fif + B [ M (Moa + 0Za(wi)aii) | (45)

A.3 Savers

A.3.1 Statement of stationary problem

For savers, we define the following transformed variables:
(WGP B, G

Let 8¢ = (gt,aw’t,IA(tB,AtB,WtI, Bf;) be the saver’s state vector capturing all exogenous

state variables. Scaling by productivity, the stationary problem of the saver — after the inter-
mediary has made default her decision and the utility cost of default is realized — is:

1-1/v\ T=1/v
5SS @Sy B i G S 1S s y) 0S|
V (Wt , S, ) = max (1 55) C; + BsE; | [ e9HV (Wt+1,8t+1)

{CF,B7}
subject to
C¥ =1 =L+ G+ W — ¢/ BS (46)
W, = 0By (n
BS>0 (48)
Sts+1 :h(StS) (49)

As before, we will drop the arguments of the value function and denote marginal values of
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wealth and mortgages as:
‘Z&S = VS(WtS7SS)
’ OV (WE, SF)
VWt T ags
Denote the certainty equivalent of future utility as:

x ~ l-0sg
CEf = E {(egmvs(wf,sf)) ] .

Like borrower-entrepreneurs, savers must take into account the intermediary’s default de-
cisions and the realization of the utility penalty of default. Therefore the marginal value of
wealth is:

(‘3VS WS,SS < ove WS,SS >
( t (pt pt))_'_(l_F(pt)) ( t (,Ot pt)

A.3.2 First-order conditions
The first-order condition for the short-term bond position is:
gl (CF) V(1= Bo) (VY = N + BsEu[(e71ViE ) "5 Vi (CED) 7S (VY (50)

where A7 is the Lagrange multiplier on the no-borrowing constraint (48).

A.3.3 Marginal Values of State Variables and SDF
Marginal value of wealth is:

Vit = (CF) V(1 = B) (V) (51)
and for the continuation value function:

OVS(WS, 85 (pr < OVS(WE, 85 (py >
(W, 87 (pr pt))ﬂl_F(m) (W, S (pe > pt)

V =F
Wit (p ) 6Wt am

Defining the SDF in the same fashion as we did for the borrower, we get:
N —(os—1/v) A —1/v
VS CS
S _ —0 t+1 t+1
Mt,t—f—l(pt) - BSG SgH (CEE) ( éf ) )

Mf,tﬂ = Fp(p:-i-l)Mft—&-l(pt-&-l < PZ+1) + (1 — Fp(PZH))Mf,tH(PtH > PZ+1)-

and
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A.3.4 Euler Equations

Combining the first-order condition for short-term bonds (50) with the marginal value of wealth,
and the SDF, we get the Euler equation for the short-term bond:

C][ = 5‘29 + By [Mft-&-l} (52)

where S\f is the original multiplier A7 divided by the marginal value of wealth.

A.4 Steady State

This subsection outlines the calculation of the steady state of the deterministic version of the
model (without aggregate shocks). The calculations directly operate on the stationary variables
and omit the “hats”.

Production Function The stationary version of the model has the production function
Y = KlfocLa’

where L = (LP)vs (L)1 (L5)s,

From the first-order conditions for labor demand (27) we get for steady state wages

; I KB 11—«
w=ayp ()

By the usual derivations for CRS production functions this implies
w L) = ay;Y,

and
Y =) wl=(1-a)Y.
J

Borrower Leverage Assuming a binding leverage constraint for borrower-entrepreneurs, the
steady state of the model can be reduced to two nonlinear equations in the bond price ¢ and
the default threshold w*. The two equations that constitute the system for characterizing
equilibrium are marked by (S1) and (S2) below.

If the constraint is binding we get
¢pZi (W) K = FA”,
which we can substitute into the first-order condition for the default threshold (26) to yield

. 9Zg(wr) 1—-(1- O)rE + dg™
~e9(1+ gAB) F '

(S1)
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The equation above is a nonlinear equation in w*.

Capital Price and Investment We can use the first-order condition for investment X
and the market clearing condition for capital to express investment and the capital price p as
functions of parameters and w,. First, rewriting the FOC for investment, we get

X = [(eg — [y) + 1%1} K5

Substituting this into the capital market clearing condition and eliminating K® from both sides
gives

1=¢7 {ZK—F(l—C)(,uw—ZK)—Feg—,uw—%],

which can be solved for the price

p=1+9(pw — Zx).

Reinserting this into the expression for X gives

X =[e? + C(po — Zx) — po] K.

Household SDFs The (stochastic) discount factors of households reduce to

Bj = Bie "

Capital Stock and Borrower Consumption We can solve the borrower-entrepreneurs
first-order condition for next period’s debt (30) to get an expression for the Lagrange multiplier
on the leverage constraint

3 (1 _ B
AB:1_5BZA(M+5)_
qm

We can further rewrite Wy as

1
Up=—-(p—1) (eg—l/wﬂLpQ—w)

using that X/KB =¢e9 — p, + (p— 1) /1.
Plugging this into the FOC for capital (31) gives

=D |p(Zi(1 + ONB) + 78 Z48i) + (1 — a)(1 — ) (K—B)_ Fp—1) (eg - E)] |
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This equation can be solved for K? as a function of labor input L

- 1/«
KB — (1—a)(1—7")3s .
p [1 — B (Zk(1 4 0A") + T£ZA5K)] —Be(p—1) <€g — My + %)
Since L only depends on parameters, we can therefore now also compute output
- (1-a)/«
Y = (1-a)1—-7")pp I

p (1= B (Zie(U+ 03%) + 7 Zadic)| = Bslp— 1) (9 — o + 52

We can then use the solution for investment and the binding borrowing constraint to compute
borrower consumption from the budget constraint.

Savers and Riskfree Bond Price Savers’ FOC for holdings of risk free debt determines
the risk free bond price

q = Bs.

Intermediary The intermediary’s FOC for risk free debt implies

B — thr!

q

M=1-

With 8; = 8g, and using rf = 1/g—1= 1/33 — 1, we get

Af:f—é(i—g.
Br \Br

By market clearing in the market for loans to borrower-entrepreneurs we have A! = AP =
¢pK?®B /q™, and then using the intermediary’s binding leverage constraint

¢B' = —¢q" Al = —E¢pK®.
Intermediary wealth is therefore

W= coat it (020~ £)]
q

and intermediary consumption is
cl = avyr(1 — TI)Y +G+wl— Al [qm (1-¢&(g—k)) — Térféqm/q} )
The bond price ¢™ is determined by the intermediary’s FOC for loans to borrowers
A
1— 31624 — XV

m

q

(52)
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with M given by

M=7Z4(1-(1 _Q)TFI[) + (1 =) (e — ZK)pKB‘

AB

Government Government revenues are

j B

o ( E ’yj7j> + (1 — a)7y
J

Assuming zero transfers to households (G = GI = G = 0), the only difference between
revenues and wasteful spending GO are interest payments on the government debt to savers:

T —

y - AP [(1 =02l — ) + €0 = )| — 7 Zabn .

GO=T— (79— q)B°,

for some fixed BS that is indeterminate in the non-stochastic version of the model.

Saver Consumption From market clearing for risk free debt we know that B% = B¢ — B',
and saver consumption is

CS = ays(1l — TS)Y +G%+ (e79 — q)BS.

Resource Constraint The steady state allocation needs to satisfy

CP+CT+C%=Y —GP —e9(X + ).

B Calibration Appendix

B.1 Long-term corporate Bonds

Our model’s corporate bonds are geometrically declining perpetuities, and as such have no
principal. The issuer of one unit of the bond at time ¢ promises to pay the holder 1 at time
t+1, § at time t+2, §2 at time ¢t +3, and so on. Issuers must hold enough capital to collateralize
the face value of the bond, given by F' = %, a constant parameter that does not depend on any
state variable of the economy. Real life bonds have a finite maturity and a principal payment.
They also have a vintage (year of issuance), whereas our bonds combine all vintages in one
variable. This appendix explains how to map the geometric bonds in our model into real-world
bonds by choosing values for § and 6.

Our model’s corporate loan/bond refers to the entire pool of all outstanding corporate
loans/bonds. To proxy for this pool, we use investment-grade and high-yield indices con-
structed by Bank of America Merill Lynch (BofAML) and Barclays Capital (BarCap). For the
BofAML indices®® we obtain a time series of monthly market values, durations (the sensitivity

23Datastream Codes LHYIELD and LHCCORP for investment grade and high-yield corporate bonds, respec-
tively
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of prices to interest rates), weighted-average maturity (WAM), and weighted average coupons
(WAC) for January 1997 until December 2015. For the BarCap indices** we obtain a time
series of option-adjusted spreads over the Treasury yield curve.

First, we use market values of the BofAML investment grade and high-yield portfolios to
create an aggregate bond index and find its mean WAC ¢ of 5.5% and WAM T of 10 years over
our time period. We also add the time series of OAS to the constant maturity treasury rate
corresponding to that period’s WAM to get a time series of bond yields r;. Next, we construct
a plain vanilla corporate bond with a semiannual coupon and maturity equal to the WAC and
WAM of the aggregate bond index, and compute the price for $1 par of this bond for each
yield:

P(ry) = Z /2 + !

i=1 (1 + rt)i/Z (1 + rt)T

We can write the steady-state price of a geometric bond with parameter ¢ as

PC(ry) = 14 6P¢
(Tt) 1 i Ty [ + 5 (7’1})}
Solving for P%(y,), we get
1
P(r) = ———
(Tt) 1 + Tt — 5

The calibration determines how many units X of the geometric bond with parameter ¢ one
needs to sell to hedge one unit of plain vanilla bond P¢ against parallel shifts in interest rates,
across the range of historical yields:

2015.12 ,
: c o G, .
min Z [P(r) — XP%(ry;0)]
t=1997.1

We estimate 0 = 0.937 and X = 12.9, yielding an average pricing error of only 0.41%. This

. . . . . dPC
value for ¢ implies a time series of durations D; = —% o
t

with a mean of 6.84.

To establish a notion of principal for the geometric bond, we compare it to a duration-
matched zero-coupon bond i.e. borrowing some amount today (the principal) and repaying it
D, years from now. The principal of this loan is just the price of the corresponding D, maturity

1
zero-coupon bond L

We set the “principal” F' of one unit of the geometric bond to be some fraction 6 of the

undiscounted sum of all its cash flows 1%6, where
2015.12
1 1
0=— E —_—
D
N er (1470

We get 6 = 0.582 and F' = 9.18.

24They are named COAO and HOAO for investment grade and high-yield corporate bonds, respectively.
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